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Gravitational Redshift  
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„A clock‘s ticking rate slows down if brought closer to a 
massive object“ 

 

 

 

 

 

One of the corner stones of General Relativity 

 

2c

U










3 

Foundation of General Relativity 
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Einstein Equivalence Principle (EEP) 

  Weak Equivalence Principle = Universality of Free Fall  

  Local Position Invariance = Universality of Gravitational Redshift 

  Local Lorentz Invariance = Special Relativity 

Gravity must be described by a 
metric theory 

General Relativity 

Test of predictions of 

metric theories 

Test of postulates 
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Testing Gravitational Redshift 
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Introduction of test parameter a 

 

 

 

 

Various null tests with different 
pairs of clocks  

e.g. (aH  aCs ) < 4.8 x 10-6  

 
Tobar et al. Phys. Rev. D 87, 122004 (2013) 
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Testing Gravitational Redshift 
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Introduction of test parameter a 

 

 

 

 

Most accurate absolute test by 
GPA-experiment:   a < 1.4 x 10-4 

       
Vessot, Levine et al.  PRL 45. pp 2081 (1980) 

2
)1(

c

U



a





© by C. Willl 



6 

Gravity Probe A Experiment 
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1976: Hydrogen maser on a sounding 
rocket, reaching 10000 km altitude 

Direct comparison to ground maser 
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Gravity Probe A Experiment 
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Multiple microwave links and frequency mixing to cancel 
first order Doppler shift 
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Gravity Probe A Experiment 
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0.7 x 10-4 uncertainty on total 
frequency redshift + rel. Doppler 

1.4 x 10-4 uncertainty on redshift 
alone 

ascent 

apogee 

descent 

~110 min 
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Galileo Sat 5+6 
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Galileo Sat 5 + 6 launch: 
August 22nd, 2014 

 

Satellite IDs:  GSAT-0201 = E18 = Sat 5 
   GSAT-0202 = E14 = Sat 6 

© by ESA 



10 

Galileo Sat 5+6 
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© Image by ESA 
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Galileo 5+6 
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Final orbit parameters after correction maneuvers: 

 

 

 

 

 

 

Perigee lifted above van Allen belt, e = 0.23  e = 0.15 

Workarounds in place to partially recover for GNSS purpose 

Nominal lifetime 12 years 
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Galileo Sat 5+6 
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Target and actual orbit 

11105 
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Galileo Sat 5+6 
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11105 






© Image by ESA 
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Galileo Sat 5+6 
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8000 km change in 
height, approx. twice 
per day 

 

Highly stable atomic 
clocks onboard 

 

Expected frequency 
shift: 

11105 






rp = 24000 km  /  ra = 32000 km 

e = 0.15  /  Torb = 12,97 h  
© Image by ESA 
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Galileo Sat 5+6 
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„Two GPA-experiments per day for free ?“ 
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Galileo Sat 5+6 
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„Two GPA-experiments per day for free ?“ 

 

Not that simple: 

10-fold less modulation of gravitational 
potential 

No direct clock comparison / beat 
measurement possible 

Clock stability and systematic effects ? 

 

Still: worth investigating 

Studies by DLR: RELAGAL and ESA: GREAT 

SYRTE and ZARM+TUM/DLR teams 

Test case for future GNSS/FP Missions? 
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Clocks onboard Galileo Sat 5+6 
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2 x PHM and 2 x RAFS 
onboard each satellite 

 

Ground Performance  

PHM: 4x 10-15 flicker 
floor @ >10000s 

RAFS: 2 x 10-14 
flicker floor 

PHM: 
Passive 
Hydrogen 
Maser 

RAFS: 
Rubidium 
Atomic 
Frequency 
Standard 
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Rb clock stability 
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from ESA/PB-NAV(2015)23  
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PHM clock stability 
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from ESA/PB-NAV(2015)23  
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GNSS Measurement Principle 
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Pseudorange measuerments 
(signal travel time x c) 

 

Determine satellite clock 
corrections ts 

 

Clock corrections depend on 
orbit information:                   
30 cm  1 ns 
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IGS / MGEX Network 
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Derivation of clock and orbit products done by IGS/MGEX 
Data Analysis Centers 

 

IGS Observation stations 



Clock and orbit products are made available by IGS 

 

Specific reprocessing for relativity test by ESOC 

30 s sampling on clock / 300 s sampling on orbit 

Consistent use of models and reference clocks 

Use of specific optimized models (e.g. SRP)      

 E. Schönemann, F. Dilsner, T. Springer 

 

Specific processing of observation data by TUM/DLR-KN 

M.Lülf, G. Giorgi, Ch. Günther 
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Availability of Clock and Orbit Data 
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Leading order relativistic effect (in ECI frame): 
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Relativistic Redshift of Satellite Clock 
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Grav. 
Redshift 

Quadr. 
Doppler 
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Kepler orbit, first order in V: 
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Relativistic Redshift of Satellite Clock 

FUNDAMENTAL PHYSICS IN SPACE | BREMEN  24.10.2017 

eccentricity correction                                            

 

 

contributes 370 ns 
modulation 

 

implemented in IGS as 
trel = 2vr/c2 
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constant  redshift for circular 
orbit, radius a 

 

contributes to linear drift 
(few µs/h) 

 

compensated by hardware 
clock frequency offset 
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Clock Data with Relativistic Effects 
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GPS week 1870 (day 1) 
drift + offset removed 

 
eccentricity modulation: 

370 ns  peak ampl. 
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Clock Residuals: Relativistic Effects Subtracted 
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GPS week 1870 (day 1) 
drift + offset removed 

 
residuals model/data 

< 0.3 ns  
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Refinement of relativistic model 
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IGS clock residuals rely on analytical expressions for 
Kepler orbit 

 

Satellites are not on a true Kepler orbit 

Solar radiation pressure 

Other solar system bodies 

... 

 

Refine IGS model by using numerical integration for true 
orbit  
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Refinement of relativistic model 
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correction by up to 50 ps 
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Other relativistic clock effects 
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Relativistic effect  Amplitude Orbit accuracy Signal Period 

Gravitational redshift + 
quadratic Doppler 366 ns ~ 100 m W 

Gravitational redshift 
from J2 

~50 ps* ~ 15 mm 2W , 4W 

Gravitational redshift 
from sun ~2 ps* ~ 0.6 mm compl. 

Gravitational redshift 
from moon ~4 ps* ~ 1.2 mm compl. 

Shapiro time delay << 10 ps* << 3 mm W 

Aiming for < 10-4  accuracy requires to account for effects 
of  ~10 ps or ~3 mm 
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Least Squares Fit Model 
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Clock 
residuals 

Test parameter Clock drift and 
offset parameters 

Redshift including 
mass quadrupole 
contribution 

Quadratic 
Doppler 



Least Squares Fitting of data 
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Clock residuals feature flicker noise 

Requirements for least squares approach not met 

Fit error estimates invalid (too small) 

 

31 

0 5 10 15 20

-2x10
-10

0

2x10
-10

 

 

C
lo

c
k
 r

e
s
id

u
a

ls
 [
s
]

Time [h]

E14 GPS week 1929 day 2

a =  (-1.54 +/- 0.06) x 10-4  
0,1 1 10

1E-14

1E-13

1E-12

1E-11

1E-10

Frequency [1/hour]

A
m

p
lit

u
d
e
 [
s
]



Least Squares Fitting of data 
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Differentiate the data: time data  frequency data 

Transform 1/f noise into essentially white noise 

Meet requirements for proper least squares fit 

Larger realistic confidence intervals  
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Availability of Clock and Orbit Data 
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Good coverage over almost 3 years 

Data from 5 different clocks 
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Availability of Clock and Orbit Data 
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Set no. Clock Start End 
Length  

[days] 

Gaps  

[days] 

Set 1 E18/PHM A 11 Jan 15 15 Jun 16 521 101 

Set 2 E18/PHM B 02 Jul 16 04 Feb 17 218 11 

Set 3 E14/PHM A 19 Mar 15 04 Nov 15 231 59 

Set 4 E14/RAFS A 05 Nov 15 02 Jul 16 241 0 

Set 5 E14/PHM B 03 Jul 16 09 Sep 17 434 15 

Each set of clock data is an „independent“ experiment with 
specific systematics  
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Preliminary Statistics on all a Results: Sat 5 
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PHM A PHM B 

33 months of 
data collection 

 

n = 844 days 
with data 

 

2 different 
clocks 
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Preliminary Statistics on all a Results: Sat 6 
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PHM A PHM B RAFS A 

30 months of 
data collection 

 

n = 832 days 
with data 

 

3 different 
clocks 
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Statistics for a from different clocks 
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Set a x 10-4 s x 10-4 n Outliers Gap days Span 
[days] 

Set 1 0.05 2.90 407 13 101 521 

Set 2 2.39 14.2 421 3 11 435 

Set 3 -0.74 3.75 163 9 59 231 

Set 4 -0.71 8.82 232 9 0 241 

Set 5 -0.39 1.26 405 14 15 434 

Exclude set 2  

Weighted average of all results ? Requires treatment of 
systematics of 4 clocks ! 
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Best quality data set from GSAT 202, PHM B 
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E14 PHM B 

a

days since 01.01.2015

 1 year 

 

>400 days so far 

 

yearly(?) systematic 
modulation 

 

solar origin ?  

 

 
 GPA 1s std dev. 
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Cause of Systematics ? 
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Possible direct systematics on satellite clock 

Temperature effects 

Magnetic fields 

 

Possible indirect systematics on orbit/clock solution 

Mismodelling of solar radiation pressure SRP 

Satellite attitude variation along with orbit 

 

Possible systematics on ground clocks ? 

daily modulation possible, to be spectrally separated from 
orbital period + averaging over many ground clocks 
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Systematic effects and uncertainties  
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Effect Sensitivity of 
clock / orbit 

Sensitivity  
in  a 

Contribution + 
Uncertainty  

in a 

Temperature 2 x 10-14 /K < 10-5 / 10mK Tbd 

Magnetic fields 3 x 10-13 /G < 10-5  / 100 nT Tbd 

Atmosphere 
Models Tbd Tbd Tbd 

SRP Model 10 cm 10-4/cm 10-3 

Attitude 
Variation Tbd Tbd Tbd 

Ground Clock n.a. < 10-5  Tbd 

Error budget for systematic uncertainties in preparation 

Telemetry data required, but not readily accessible 
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Magnetic fields ? 
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Tsyganenko magnetosphere model for a coarse estimate 

Estimated magnetic field variations along orbit: < +/-10 nT 

 

Magentic flux density at perigee height according to 
Tsyganenko 
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Solar Radiation Pressure (SRP) 
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Correlation of SLR residuals with sun elevation over orbital plane 
(here for IOV satellites, by Montenbruck et al.) 

Reason: Insufficient model of SRP 



Solar Radiation Pressure (SRP) 
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Comparison of two days 6 months apart (E11 data) 

Phase shift approx 180° Indication for SRP effect 
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Implement a detailed geometric FE-model for Galileo satellite 

Modeling of detailed structural features 

Use of correct optical and thermal surface properties 
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Improvement of SRP model 
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Improvement of SRP model 
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Include effects of self-shadowing 

Include Thermal Radiation Pressure (TRP) 
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Improvement of SRP model 
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Assign optical material properties to exterior parts  

Material α γs γd ε 

Slanted thrusters 

(nozzles) 
Anodized 

aluminum 
0.14 0.65 0.21 0.03 

C-band (RX) 

antenna 
Black Kapton 0.9 0.0 0.1 0.88 

Laser 

retroreflector 

array 

Fused silicon 0.12 0.85 0.03 0.24 

Earth IR sensors 

(-Y side) 
Black Kapton 0.9 0.0 0.1 0.88 

L-Band antenna Ge-Kapton 0.57 0.22 0.21 0.88 

SAR antenna 

(ground) 
Ge-Kapton 0.57 0.22 0.21 0.88 

S-Band antennas White paint 0.18 0.44 0.38 0.88 

Earth IR sensors 

(+Y side) 
OSR 0.1 0.72 0.18 0.8 

SAR antenna 

(radiating 

elements) 

Anodized 

aluminum 
0.14 0.65 0.21 0.03 

SAR antenna 

(SBF ground 

plate) 

White paint 0.18 0.44 0.38 0.88 

Solar panel (front) Silicon 0.92 0.0727 0.007 0.85 
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Improvement of SRP model 
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Comparison of angular SRP force distribution 

Box-Wing model Geometrical model 
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Independent orbit information from SLR 
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Request to ILRS: 
higher priority of SLR 
for GSAT 0201+0202 

 

1 year campaign: each 
month 1 week of 
increased priority 



Use SLR data to evaluate accuracy of SRP models 

Improvement over standard IGS models obtained 

 

 

 

 

 

 

 

FOC metadata published recently, improvement of FE model 
underway 

 

SRP Model evaluation 

24.10.2017 FUNDAMENTAL PHYSICS IN SPACE | BREMEN  

ECOM 2 
ECOM 1 + BW 

(ESOC) 
ECOM 1 + FE  

(ZARM) 

1-way SLR rms 96 mm 33 mm 59 mm 

Clock res rms 0.38 ns 0.11 ns 0.22 ns 

3D overlap rms 0.123 m 0.090 m 0.101 m 

49 
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Improvement of SRP model 
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Comparison of two SRP models ECOM2 by ECOM1+BW 

Reduction of systematic amplitude by factor 2 

 

with ECOM 2 with ECOM 1 + BW 

GPS week 1851 GPS week 1851 
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Take home messages 

FUNDAMENTAL PHYSICS IN SPACE | BREMEN  24.10.2017 

A competitive test of the gravitational redshift with Galileo 
Satellites 5 and 6 appears feasible 

First statistical analysis completed / no systematic model applied yet 

 

Accuracy is limited by systematic effects 
GNSS clock products require accurate estimate of model uncertainties 

 

Main systematic due to mismodeling of solar radiation pressure 
SRP, could already be improved 
 

Test case for future GNSS + Fundamental Physics missions  
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Upcoming: Radioastron 

FUNDAMENTAL PHYSICS IN SPACE | BREMEN  24.10.2017 

Active hydrogen maser on highly elliptic orbit 

Goal: a < 2.5 x 10-5 
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Outlook: Clock networks 
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Example: PTB + SYRTE Strontium lattice clock comparison 

Grav. Redshift correction: (−247.4 ± 0.4) × 10−17 
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Upcoming: ACES measurement 
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PHARAO cold atom µ-wave 
clock at ISS  

10-16 accuracy 

Goal: a < 2 x 10-6 test of 
redshift to ground clock 
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Outlook: Dedicated satellite missions 
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e.g. STE-QUEST, Gravity Explorer, etc.. 

Highly elliptic orbit + optical clock 

Goal: a < 10-7...10-8 

 

 

 

 

 

 

 

 

 

 

Very hard to get funded  Use future upgraded GNSS 
infrastructure ? 
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